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Abstract 
Molybdenum silicide amorphous compounds have attracted significant interest for ultrasensitive 
thermometer applications because of their high uniformity, and tunable superconducting transition 
temperature. In comparison to the extensively investigated superconducting characteristics, however, 
the transport mechanism in non-superconducting region is still little-known. In this work, through the 
temperature-dependent electronic transport and magneto-resistance measurements in 
non-superconducting region, the Mott variable range hopping conductivity was demonstrated and 
crossover from positive to negative magneto-resistance was revealed in sputtered molybdenum silicide 
films.  
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1. Introduction  
Transition metal (TM) based amorphous materials have been studied in recent years due to their 
unique properties such as high uniformity, lower carrier density and stability of the amorphous 
structure [1-3]. What`s more, the discovery of superconductivity in transition-metal amorphous alloys 
[4] further trigger general research interest. Among TM-based amorphous materials, 
molybdenum-based amorphous compounds have attracted a significant research due to their tunable 
superconducting transition temperature [5], intrinsically low flux pinning and homogeneity [6-9]. 
These excellent characteristics make them competitive alternatives for superconducting single photon 
detectors [10-13]. Additionally, molybdenum-based amorphous compounds also exhibit tantalizing 
research interest in vortex dynamics, enabling them to optimize device performances [14]. So far, 
considerable efforts have been attributed to the electronic transport and magneto-transport behaviors of 
the molybdenum-based amorphous compounds around the superconducting state [7, 15-18]. By 
contrast, the investigation of molybdenum-based amorphous compounds in non-superconducting 
region is insufficient, but it is important for developing deeper physical insight into transport behaviors 
and further exploring potential applications [3]. Therefore, we here studied the electronic transport and 
magneto-transport behaviors of sputtered molybdenum silicide amorphous films in 
non-superconducting region. Magneto-transport measurement is a powerful method to reveal the 
underneath transport mechanism in many crystalline and amorphous materials [19]. The extensive 
report about magneto-resistance (MR) in amorphous compounds dates back to 1970s in the case of Ge, 
Si, InSb and GeTe [20]. The crossover of positive and negative MR was reported in some materials 
such as NixSi1-x and MoxGe1-x [21, 22]. In molybdenum-based amorphous compounds, however, the 
report of analogous MR behavior is still lacking.  
2. Methods  
Molybdenum silicide films (MoSi) with thickness of 30 nm were deposited on silicon (>105 Ω cm) 
at room temperature by radio-frequency (RF) magnetron sputtering technique. The base pressure of the 
chamber is less than 1×10-4 Pa. The RF power intensity is 2 W cm-1. The sputtering pressure is 20 m 
Torr in pure argon ambient. Prior to deposition, the target is pre-sputtered for 30 min to eliminate the 
influence of target surface. A commercial atomic force microscopy (AFM) (MFP-3D, Asylum Research) 
was used to measure the surface topography. The film chemical compositions were determined by 
X-ray photoelectron spectroscopy (XPS, ESCALAB 250) with Al Kα radiation. The 
temperature-dependent and magnetic-field dependent resistances were measured by a physical property 
measurement system (Cryogenic CFMS-14T) using the four-probe method. The magnetic field was 
applied perpendicular to the sample.  
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3. Results and Discussion  
 
Figure 1 (a) AFM topographical image and the corresponding cross-section profile, and (b) XPS full 
spectrum of MoSi thin film. XPS spectra of (c) Mo 3d and (d) Si 2p were used to obtain the chemical 
composition of MoSi thin film.  
Figure 1 (a) shows the surface morphology and the corresponding cross-section profile of MoSi 
thin film, demonstrating the uniform crack-free microstructure with root-mean-square surface 
roughness of 4.2 ± 0.1 nm. Figure 1 (b) depicts the XPS full spectrum of MoSi thin film, indicating the 
existence of Mo and Si elements, as marked by the red arrow. Additionally, high-resolution XPS results 
of Mo 3d and Si 2p are given in Figure 1(c) and (d), respectively. Two peaks centered at 228.00 eV and 
231.20 eV, corresponding to 3d5/2 and 3d3/2, respectively, are observed in Mo 3d XPS spectrum, due to 
the spin-orbital coupling effect. The binding energies and the corresponding spin-orbit splitting energy 
(~3.15 eV) are consistent with the previously reported results in the case of MoO2, implying the +4 
valence state of molybdenum element in MoSi thin film [23]. As shown in Figure 1(d), the Si 2p XPS 
spectrum exhibits a high symmetric peak, as similarly observed in other amorphous materials [24]. This 
behavior is usually ascribed to the widening effect, which dissolves the asymmetry characteristic 
originating from the spin-orbital coupling effect. Also, the -4 valence state of silicon element was 
confirmed in MoSi thin film [25]. Furthermore, from the XPS spectra of Si 2p and Mo 3d, the chemical 
composition ratio of MoSi thin film is obtained to be around 1.00±0.04.  
 
Figure 2 Temperature-dependent sheet resistance and the corresponding Zabrodskii analysis (inset) at 
different magnetic field, (a) 0T, (b) 2T, (c) 8T. The red solid lines in figures show the fitting results. 
 
Figure 2 depicts the temperature-dependence of sheet resistance under different magnetic field, 
demonstrating the semiconductor behaviors in the measured temperature region. According to the 
previous reports on the electro-transport behaviors of amorphous alloys [26, 27], the thermal activation 
model and the variable-range hopping (VRH) model were generally utilized to analyze the conduction 
mechanism. Here, a self-consistent method, i.e., Zabrodskii analysis [28], was used to specifically 
decide the mechanism. The logarithmic derivative w=-d(ln(R))/d(ln(T))=p*(T0/T)p is introduced, where 
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T0 is the characteristic parameter, T is the temperature, and p is the exponential term [29]. Different p 
values correspond to different conduction mechanisms, for example, the thermal activation model 
(p=1), the Mott-VRH model (p=1/4) [30], and the Efros-Shklovskii (ES) VRH model (p=1/2) [31]. As 
shown in the insets of Figure 2, obviously, ln(w) exhibits the linear dependence on ln(T), and all the 
slopes of ~ 1/4 were determined, indicating the Mott-VRH conduction mechanism in the MoSi thin 
film, as analogously reported in other amorphous binary compounds [21]. Additionally, from the 
Mott-VRH fitting, as shown in Figure 2 (red solid lines), the characteristic parameter, T0, would be 
calculated to be 3.05×105 K (0T), 2.85×105 K (2T) and 3.73×105 K (8T) for the MoSi thin film. T0 
decreases first and then increases as the magnetic field increases from 0T to 8T. According to the 
equation 𝑇0 = 18.1/(𝑘𝐵𝑔0𝑎𝑜
3) (g0 is the constant Mott density of states and a0 is the localization 
length) [30], the trend of a0 is opposite to that of T0. The variation of the localization length, a0, with 
applied magnetic field might indicate the interesting magneto-resistance (MR) behavior, as discussed 
below. 
 
Figure 3 Magnetic-field dependence of MR in MoSi thin film at different temperatures, (a) 100 K, (b) 
200 K, (c) 300 K.  
Figure 3 presents the magnetic-field dependent MR at different temperatures. Here, MR is defined 
as MR=(R(H)-R(0))/R(0)×100%, where R(H) and R(0) are the sheet resistance of MoSi thin film at 
magnetic field of H and zero, respectively. With increasing magnetic field, the obvious crossover from 
negative to positive MR could be observed at low temperature, i.e., 100K. With increasing temperature, 
the negative MR characteristic was weakened and disappeared at high temperature, i.e., 300K. Similar 
phenomena were observed in some amorphous materials, for example, NixSi1-x [21]. Generally, MR 
consists of positive MR (pMR) and negative MR (nMR): 
MR=pMR+nMR 
The pMR is closely related to the wave-function shrinkage effect [32, 33]. Under magnetic field, 
the electron wave-function will be shrunk, and thus the hopping probability of electrons between the 
two sites will be reduced, resulting in pMR. The relationship between pMR and magnetic field H can 
be expressed as pMR ∝ 𝐻2 [34]. As expected, the fitting results (red solid lines in Figure 3) are very 
consistent with the experimental data. On the other hand, different from pMR, nMR is closely 
associated with the electron wave-function interference effect [34]. When electrons hop between two 
sites, the wave-function interference along random paths will occur, and in turn will change the 
hopping probability between two sites. It should be noted that this interference effect is pronounced at 
low temperature [35]. An empirical equation [21], nMR ∝ −𝐻, was generally used to describe the 
nMR caused by the interference effect. In our case, obviously, the negative MR is attributed to the 
competition of the wave function shrinkage effect and the interference effect. For example, at 100 K (as 
shown in Figure 3(a)), with increasing magnetic field, pMR is cancelled first by nMR, resulting in a 
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whole negative MR, and subsequently the contribution of nMR is reduced and thus the positive MR is 
observed. With increasing temperature, the interference effect is weakened, probably due to the 
enhanced jump probability between the two nearest neighbors, resulting in the reduced possible 
hopping paths of one site. Accordingly, the contribution of nMR is reduced and thus the negative MR 
characteristic is not obvious at high temperature (as shown in Figure 3(b) and (c)). Additionally, as 
mentioned above, the localization length, a0, increases with increasing magnetic field from 0T to 2T, 
indicating the increased interference effect and the corresponding negative MR. With further increasing 
magnetic field from 2T to 8T, the localization length, a0, decreases, indicating the increased shrinkage 
effect and the corresponding positive MR.  
4. Conclusions  
In summary, the MoSi amorphous films were grown on silicon substrates at room temperature by 
RF magnetron sputtering technique, and the electronic transport and magneto-transport behaviors in the 
non-superconducting region were studied. The temperature-dependent resistance was analyzed through 
a self-consistent method, and the Mott-VRH transport mechanism was confirmed. The crossover from 
negative to positive MR was observed with increasing magnetic field. The positive MR is primarily 
ascribed to the electron wave-function shrinkage effect, whereas the negative MR is mainly attributed 
to the electron wave-function interference effect.  
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